Equilibrium dialysis experiments with a highly purified preparation of labeled tiamulin, a semisynthetic derivative of the antibiotic pleuromutilin, and Escherichia coli ribosomes allowed the determination of two binding sites for the drug. The binding reaction showed a cooperative effect. Of the two subunits, the 50S particle was able to bind the antibiotic in a 1:1 stoichiometry. Hence, the 50S subunit contributed predominantly to the binding energy which held the antibiotic to the ribosomes. The 30S subunit, showing no strong affinity for the drug, may be needed for the generation of the second binding site in the 70S particle. If depleted of ammonium ions, 70S ribosomes lost their binding capacity for the antibiotic. The attachment sites for tiamulin could be restored by heating the ribosomes to 40°C in the presence of either ammonium ions or the antibiotic. Other pleuromutilin derivatives displaced labeled tiamulin from its ribosomal binding sites. By quantifying this competition, the relative affinity of various pleuromutilin derivatives for E. coli ribosomes was determined. The binding correlated with the minimal inhibitory concentrations of these compounds against E. coli. When compared with the minimal inhibitory concentrations against Staphylococcus aureus, the correlation was less strict, but the same trend prevailed. These results suggest that the antibacterial activities of various pleuromutilin derivatives on a given test organism are mainly determined by the strength of binding to the ribosomes within the bacterial cell.
Tiamulin, a semisynthetic derivative of the antibiotic pleuromutilin ( Fig. 1) , acts as an inhibitor of bacterial protein biosynthesis (1, 4) . The 19,20-dihydro derivative has been shown to bind strongly to ribosomes from Escherichia coli strain D10. The binding site partially overlaps that for chloramphenicol (6) . The availability of labeled tiamulin permitted an examination of the binding stoichiometry of the native compound rather than that ofthe dihydro derivative. This binding is described, along with data relating the binding sites to the ribosomal subunits.
Furthermore, it seemed of interest to correlate ribosomal binding and antibacterial activity of various pleuromutilin derivatives. The different concentrations of various pleuromutilin derivatives, needed to stop bacterial growth (3), might reflect either their different access to the interior of the cell or the different sensitivities of the protein synthesis system of the living cell to these compounds. Data are presented which seem to indicate that ribosomal affinity is largely responsible for the antibacterial effects.
MATERIALS AND METHODS
Compounds and antibacterial activity testing.
The compounds used were prepared by either H.
Egger or H. Berner of our institute, using methods described earlier (2) . Antibacterial activities were determined by F. Turnowsky and by J. Unger, using the tube dilution method, on E. coli D10 and Staphylococcus aureus ATTC 29067. Ribosomes. By standard preparation procedures (9) , ribosomes from two E. coli strains, D10 and MRE600, were isolated. Subsequently the ribosomes were washed three times with the standard buffer, containing 0.5 M ammonium chloride, to remove nonribosomal proteins. The standard buffer system as described by Nirenberg and Matthaei (10) was used throughout to dissolve ribosomes during preparation and storage.
Separation of ribosomes into subunits. The ribosomes were applied to a 5 to 20% (wt/vol) sucrose gradient. The gradient also contained 20 mM tris (hydroxymethyl) aminomethane-hydrochloride, pH 7.5, 0.5 M ammonium chloride, and 0.5 mM magnesium ethylenediaminetetraacetic acid. Centrifugation was done with a zonal rotor or an SW27 swingout rotor in a preparative Beckman ultracentrifuge. The ribosomes dissociate when entering the low-magnesium sucrose gradient. After the ribosomal subunits had been separated (i.e., 16 h at 52,000 x g), the gradients were pumped through a recording spectrophotometer set for a wavelength of 260 Competition with binding of tiamulin. The relative binding affinity of the various compounds was detennined by measuring the displacement of ribosome-bound 3H-labeled tiamulin in an equilibrium dialysis system by nonradioactive test compounds. The procedure included filling one chamber of the dialysis cell with 100 p1 of a solution of E. coli ribosomes in the standard buffer. The ribosomal concentration was 4.8 MuM. The other chamber was filled with 100 Id of a solution of 3H-labeled tiamulin in the same buffer at a drug concentration of 20 ,M. The ribosome-free chamber contained a test compound equimolar in concentration with 3H-labeled tiamulin. In the control experiment, the nonradioactive compound was omitted. Equilibrium dialysis was perforned as described above. Calculation of the concentration of ribosomebound radiolabeled tiamulin was done by a procedure analogous to one described earlier (5) .
RESULTS
The binding of dihydrotiamulin, a pleuromutilin derivative, to E. coli ribosomes has been determined in previous work by equilibrium dialysis techniques. In the present investigation the binding of radioactive tiamulin rather than that of the dihydro compound was assayed both by the equilibrium dialysis technique and by a Sepharose cochromatography method.
When 0.38 nmol of E. coli ribosomes from strain D10, which had been prepared by a standard procedure and successively washed with ammonium chloride to remove nonribosomal proteins, was mixed with 1.25 nmol of labeled tiamulin at 4°C and the mixture was passed at the same temperature through a Sepharose 4B column, an optical density peak appeared in the exclusion volume of the column which also contained radioactive material. The majority of radioactivity emerged later from the column at an elution volume which is characteristic for lowmolecular-weight material (Fig. 2) . As a control experiment, the radioactive antibiotic alone was passed through the Sepharose column. No radioactivity could be detected in the exclusion volume, which indicates that tiamulin was bound to the ribosomes when it appeared in the high-molecular-weight elution volume. If, before the cochromatography experiments, the ribosomes were dialyzed against the standard buffer system of Nirenberg and Matthaei (10), very little radioactivity emerged with the exclusion volume (Fig. 2) The radioactive content oftheportion ofeach fraction was measured in one experiment with undialyzed ribosomes (0), in an experiment with ribosomes which had been pretreated by dialysis (0), and in an experiment where the ribosomes had been omitted (C). VOL. 19, 1981 on January 6, 2018 by guest http://aac.asm.org/ Downloaded from paired the ability of the ribosomes to bind tiamulin.
The addition of ammonium chloride, at a final concentration of 200 mM, could reverse the effect of the dialysis procedure provided the ribosomes were briefly heated to 40°C and cooled before tiamulin binding was tested by cochromatography. Alternatively, if tiamulin was present during heating, ribosome restoration occurred even if ammonium ions were absent (Table 1) . Hence, the tiamulin-specific binding site behaves like other ribosomal functions which disappear upon removal of ammonium ions.
A determination of the binding stoichiometry by the equilibrium dialysis technique gave results which differed from those reported previously on the dihydro compound (6) . The data from experiments at various drug concentrations were plotted according to Scatchard (12) ; a typical diagram is shown in Fig. 3A Table 2 ). The homologous derivative 82.930 with an extension of three carbon atoms in the side chain showed a stronger effect in the competition experiment. Hence, it is assumed that it binds more strongly to E. coli ribosomes than tiamulin. Various other compounds were identified, which showed either better or at least as good competing activity as tiamulin itself, namely, compounds 84.249, 80.855, and 82.746. All of these compounds have as a common chemical characteristic the thioether group linked with basic residues by aliphatic bridges of variable length. Other compounds which have a relatively weak affinity for the ribosomes either lack the thioether configuration in the side chain or contain acidic groups instead of the basic nitrogen. Also, the epimer of tiamulin (85.198), with its hydroxy group in position 11 pointing in the opposite direction, was only weakly bound to the E. coli ribosomes. The lowest affinity among all compounds tested was observed for the parent compound, pleuromutilin. DISCUSSION The ribosomal tiamulin-specific binding site is not of a permanent and unchanging structure. If ribosomes lose ammonium ions, the binding activity for tiamulin disappears. Upon heating in the presence of ammonium ions, it can be restored. A similar reactivation of other ribosomal functions requiring ammonium ions and generation of sufficient activation energy by heating was first described by Miskin et al. (8) . According to these authors, the function of the peptidyl transferase center can be deactivated and again reactivated by these procedures. Binding of the antibiotics dihydrostreptomycin (14) , chloramphenicol (15), sparsomycin (15) , and erythromycin (7, 11, 13, 15) to ribosomes also requires ammonium ions. The deranged tiamulin-specific binding site also seems to possess sufficient plasticity to assume the original configuration if heated in the presence of the antibiotic itself. Possibly, the presence of the drug shifts an equilibrium between two ribosomal conformations toward the native, tiamulin-binding variety.
In a previous communication (6) , one binding site has been deduced from a Scatchard plot on the basis of equilibrium dialysis experiments using a dihydro derivative of tiamulin. With labeled and highly purified tiamulin, we obtained a different result. This difference might be due to the different chemical entities used in the recent experiments or, alternatively, to the absence of nonbinding impurities in the new drug preparation which might have contaminated the earlier dihydrotiamulin. A nonbinding radioactive contamination is expected to cause a relatively large error in the calculation of Scatchard plots. In the experiments reported in this paper, two binding sites per 70S particle were detected. Also, the Scatchard plots showed cooperativity in the binding reaction. Hence, it may be concluded that the binding of one drug molecule facilitates the attachment of the next one. Cooperativity in drug binding to ribosomes has so far been described only for erythromycin (11) .
Several authors have speculated that the fine structure of the ribosome is not rigid but that certain ribosomal regions may be changed by allosteric effects. The complex binding behavior of tiamulin suggests that the binding sites for this antibiotic are subject to such changes. The ammonium ion-dependent disappearance and reappearance of this function is best explained by such a mechanism. Also, the cooperativity in binding behavior may indicate allosteric changes in ribosomal topography.
When E. coli ribosomes are dissociated, the separated subunits are unable to bind tiamulin. However, heat treatment in the presence of ammonium chloride restores the affinity, but only to the 50S particle. The small subunit remains unable to bind the drug, and we therefore conclude that in the 70S particle the binding capacity originates mainly from the large subunit. 
